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1.  Introduction 


As  the  range  of  uncontrolled  weapons  is  increased,  a  side  effect  is  a  concomitant  increase  in 
impact  point  dispersion.  To  statistically  neutralize  a  target,  the  number  of  rounds  to  be  fired  by  a 
conventional  weapons  system  is  directly  proportional  to  the  impact  point  dispersion  of  the 
system.  Thus,  the  price  to  pay  for  increased  projectile  range  is  firing  more  rounds  at  the  target 
(1 ,  2).  To  circumvent  this  basic  limitation  of  conventional  weapon  systems,  designers  are 
considering  employing  active  control  technology  to  simultaneously  enable  both  increased  range 
and  decreased  dispersion  for  future  systems.  A  key  component  of  a  smart  projectile  is  the 
control  mechanism.  The  control  mechanism  must  be  capable  of  altering  the  trajectory  of  the 
projectile  in  such  a  way  that  impact  point  errors  induced  at  launch  and  in  flight  can  be  corrected. 
At  the  same  time,  the  control  mechanism  must  be  rugged  (to  withstand  high  acceleration  loads  at 
launch),  small  (so  that  payload  space  is  not  compromised),  and  inexpensive  (for  cost 
considerations). 

Current  projectile  control  mechanisms  include  configurations  capable  of  manipulating 
aerodynamic  loads,  generating  jet  thrust,  and  altering  inertial  loads  on  the  body.  Examples  of 
aerodynamic  control  mechanisms  include  rotation  of  aerodynamic  lifting  surface  appendages, 
deflection  of  the  nose,  and  deflection  of  ram  air  to  side  ports.  Examples  of  jet  thrust  control 
mechanisms  include  gas  jet  and  explosive  thrusters.  Examples  of  inertial  control  mechanisms 
include  internal  translation  of  a  control  mass  and  internal  rotation  of  an  unbalanced  part. 

Many  conventional  uncontrolled  projectile  configurations  contain  internal  parts  that  move 
slightly  in  flight.  For  example,  submunitions  deployed  from  indirect  fire  projectiles  are  keyed 
into  place  inside  the  round;  however,  small  relative  motion  occurs.  Also,  fuze  mechanisms  used 
on  some  indirect  fire  ammunition  employ  a  rotor  that  is  permitted  to  move  slightly  with  respect 
to  the  main  projectile  body.  Although  seemingly  insignificant  from  a  dynamic  modeling 
perspective,  small  mass  unbalances  in  these  configurations  can  induce  instability  of  the  round  as 
a  whole,  typified  in  flight  by  a  large  loss  in  range  and  large  spin  decay.  For  this  reason,  several 
researchers  have  investigated  dynamic  stability  of  projectiles  with  moving  internal 
components  (3).  Soper  ( 4 )  evaluated  the  stability  of  a  spinning  projectile  that  contains  a 
cylindrical  mass  fitted  loosely  into  a  cylindrical  cavity.  Using  a  similar  geometric  configuration, 
Murphy  (5)  developed  a  quasilinear  solution  for  a  projectile  with  an  internal  moving  part.  Later, 
D’Amico  ( 6)  performed  a  detailed  series  of  experiments  where  a  projectile  with  a  loose  internal 
part  was  driven  by  the  rotor  of  a  freely  gimbaled  gyroscope.  Hodapp  (7)  expanded  the  work  of 
Soper  and  Murphy  by  considering  a  projectile  configuration  with  a  partially  restrained  internal 
member  with  a  mass  center  offset. 

Some  new  projectile  configurations  are  designed  with  sizeable  moving  parts  that  are  fundamental 
to  the  operation  of  the  projectile.  For  example,  the  gimbal  nose  projectile  configuration  mounts 
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the  nose  section  on  a  gimbal  joint  so  that  the  nose  is  capable  of  rotating  freely  with  respect  to  the 
main  body  of  the  projectile.  Several  investigations  have  evaluated  the  potential  of  the  gimbal 
nose  concept  to  be  used  as  a  control  mechanism  and  a  means  to  reduce  dispersion  (8-10). 
Another  example  of  a  multiple  component  configuration  is  the  dual-spin  projectile,  which 
consists  of  forward  and  aft  sections  connected  through  a  bearing,  allowing  different  spin  rates  for 
each  section.  The  utility  of  the  configuration  has  emerged  for  guided  spin-stabilized  rounds 
where  the  control  mechanism  is  isolated  from  the  rapidly  rotating  main  body  (11-13). 

The  work  reported  here  evaluates  control  authority  of  fin-stabilized  and  spin-stabilized 
projectiles  equipped  with  an  internal  part  that  can  be  controlled  to  an  arbitrary  roll  orientation. 

At  launch,  the  part  is  assumed  to  be  symmetric  and  located  on  the  projectile  axis  of  symmetry  in 
order  to  avoid  trajectory  changes  due  to  lateral  throw-off.  Before  the  control  mechanism  is 
deployed,  it  is  rotated  to  the  desired  roll  orientation.  The  unbalance  is  subsequently  deployed, 
yielding  an  unbalanced  configuration.  By  holding  the  part  in  different  roll  orientations  with 
respect  to  a  nonrolling  reference  frame,  predictable  trajectory  changes  occur,  suggesting  a 
potential  control  mechanism.  The  effects  of  varying  inertia  and  aerodynamic  properties  of  a 
nominal  rigid  projectile  are  studied.  The  report  begins  with  the  description  of  a  seven  degree-of- 
freedom  (DOF)  flight  dynamic  model  used  for  trajectory  predictions  along  with  the  description 
of  a  flight  control  system  to  track  commanded  roll  orientation  of  the  part.  The  model  is 
subsequently  employed  to  predict  control  authority  of  exemplary  fin-stabilized  and  spin- 
stabilized  projectiles  and  of  the  same  projectiles  modified  such  that  their  inertia  and  aerodynamic 
properties  are  more  responsive  to  control.  Control  authority  vs.  the  radial  offset,  activation  time, 
mass  of  unbalance,  and  system  velocity  is  documented. 


2.  Internal  Part  Projectile  Dynamic  Model 


A  projectile  containing  an  internal  part  and  a  mechanism  capable  of  actively  controlling  the 
angular  position  of  that  part  about  its  axle  is  considered  as  shown  in  figure  1.  The  projectile  (P) 
and  the  internal  part  (D)  are  both  rigid  bodies  connected  at  an  arbitrary  point  (C).  The  motion  of 
the  part  is  constrained  to  rotate  about  its  axle.  Figure  1  shows  the  relative  locations  of  the 
centers  of  gravity  for  the  projectile,  part,  and  initially  symmetrical  system  (S).  The  mathematical 
model  describing  the  motion  of  the  system  allows  for  seven  rigid-body  DOFs.  Three 
translational  and  three  rotational  DOFs  are  used  to  describe  the  motion  of  the  main  body,  and 
one  rotational  DOF  is  used  to  describe  the  angular  motion  of  the  part  with  respect  to  the  main 
projectile  body.  In  order  to  develop  the  dynamic  equations  of  motion  for  these  seven  DOFs, 
three  separate  reference  frames  are  used,  as  shown  in  figure  1 .  The  ground  surface  is  used  as  an 
inertial  reference  frame  with  K f  positive  down.  A  body  frame  is  fixed  on  the  projectile  at  the 
system  reference  point  with  I p  positive  out  the  nose  of  the  projectile.  Another  body  frame  is 
fixed  on  the  center  of  the  part  bearing  and  its  axle  such  that  I D  lies  along  the  axle  of  the  part. 
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The  part  body  frame  is  initially  coincident  with  the  projectile  body  frame  and  is  oriented  with 
respect  to  the  projectile  body  frame  through  a  set  of  body-fixed  rotations,  y/D,  0D,  and  </>D.  The 

transformations  are  obtained  using  the  standard  aerodynamic  rotation  sequence  described  by 
Etkin  (13). 


Applying  the  projectile  body  frame  to  inertial  frame  transfonnation  to  the  mass  center  velocity 
vector  yields  the  translational  kinematic  differential  equations: 
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Equating  the  angular  velocity  components,  using  Euler  angle  time  derivatives  and  body  frame 
angular  velocity  components,  yields  the  rotational  kinematic  differential  equations: 
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The  kinematic  differential  equations  define  seven  of  the  fourteen  dynamic  equations  needed  to 
describe  the  trajectory  of  the  states.  The  remaining  seven  differential  equations  are  derived  by 
separating  the  two-body  system  at  the  part  axle  connection  point  and  considering  the  reaction 
forces  and  moments  associated  with  each  individual  body,  as  shown  in  figure  2. 
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A  constraint  force,  FR ,  and  a  constraint  moment,  M R  ,  applied  at  the  connection  point  C  couple 
the  part  and  projectile  bodies.  Axial  moments,  T  and  M F ,  due  to  torque  generated  by  the 
controlling  mechanism  and  bearing  friction  are  applied  to  the  bodies.  The  projectile  body  is  also 
acted  on  by  aerodynamic  forces,  F A  ,  and  aerodynamic  moments,  M A  .  The  translational 
dynamic  equations  of  motion  for  each  body  are  given  in  equations  4  and  5: 

mDaD/I  —  Fr  +  WD  .  (4) 

ntpCip/i  —  ~Fr  +  Wp  +  F A .  (5) 

Summing  equations  4  and  5  eliminates  the  reaction  force  and  yields  the  translational  dynamic 
equation  of  motion  for  the  projectile.  When  expressed  in  component  form  in  the  projectile  body 
frame,  it  yields  three  translational  kinetic  differential  equations: 

mpdpij  +  mDaDII  =  WD  +  Wp  +  F A  .  (6) 

The  acceleration  of  the  mass  center  of  the  projectile  aP/I  is  expressed  in  terms  of  the 

acceleration  of  the  stationary  system  reference  point,  S,  by  applying  the  formula  for  two  points 
fixed  on  a  rigid  body  from  the  stationary  system  reference  point  to  the  projectile  mass  center: 

ap/i  ~  as/i  ^ p/i  x  rs->p  ® ph  x  (®p//  x  ’  (7) 


where 
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The  acceleration  of  the  mass  center  of  the  part  aD/1  is  expressed  in  terms  of  the  acceleration  of 

the  stationary  system  reference  point,  S,  by  applying  the  formula  for  two  points  fixed  on  a  rigid 
body  from  the  stationary  system  reference  point  to  the  connection  joint  C,  and  again  from  the 
connection  joint  to  the  part  mass  center  D: 

aDH  =  aS/I  aPH  X  fs->C  ®P//  X  (®P//  X  rS->C ) 

+  ccDu  x rc^D  +  (oD/I  x (cOqu  x rc^D).  (9) 

The  angular  accelerations  with  respect  to  the  inertial  frame  of  the  projectile  body,  dpn ,  and  the 
part  body,  aDU ,  is  found  by  taking  the  derivatives  of  the  respective  angular  velocities: 
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Summing  the  moments  acting  on  the  part  about  the  connection  point  C  yields  the  rotational 
equation  of  motion  for  the  part  body.  The  rotational  dynamic  equation  of  motion  for  the 
projectile  body  is  found  by  summing  the  moments  about  the  projectile  mass  center: 
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Summing  equations  12  and  13  eliminates  the  reaction  moments  and  forms  the  rotational  dynamic 
equation  of  motion  for  the  two-body  system.  This  equation  yields  three  rotational  kinetic 
differential  equations.  In  component  form,  it  is  expressed  in  the  projectile  body  frame: 
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The  constraint  force  is  obtained  by  subtracting  equation  5  from  equation  4: 
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The  aerodynamic  loads  F4  and  moments  M  4  exerted  on  the  projectile  body  in  the  previous 
equations  are  found  using  standard  aerodynamic  theory  for  projectiles  (14). 

The  derivatives  of  angular  momentum  of  the  bodies  are  given  in  equations  16  and  17: 
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The  final  kinetic  differential  equation  is  found  by  summing  the  axial  moments  acting  on  the  part. 
This  is  accomplished  by  dotting  each  term  of  the  rotational  dynamic  equation  of  motion  of  the 
part  body  with  the  unit  vector  I D  of  the  disk  body  frame.  An  axle  joint  cannot  support  an  axial 
constraint  moment,  and  therefore  the  reaction  moment  M R  does  not  appear  in  the  equation: 
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The  independent  state  variables  x,y,z,  <f> ,  0 ,  y/ ,  and  (f)D  are  defined  by  the  kinematic 
differential  equations.  The  variables  u,  v,  w,p,  q,  r,  and  co  are  chosen  for  the  remaining  seven 
states  variables  and  are  conveniently  concatenated  into  the  vector  s: 
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The  seven  kinetic  differential  equations  are  found  by  expressing  the  dynamic  equations  of 
motion  given  by  equations  6,  14,  and  18  in  component  form.  The  body  frame  components  of  the 
dynamic  equations  of  motion  can  be  written  as 
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The  matrices  APT ,  APR  ,  and  Am  ,  the  vectors  Bpr ,  BPR  ,  and  Bm  ,  and  the  individual  terms  that 
form  them  are  given  in  the  appendix. 


3.  System  Mass  and  Inertia  Properties 


To  properly  compare  the  effects  on  the  trajectory  of  a  projectile  containing  an  asymmetrical 
internal  part  to  that  of  a  rigid  projectile,  special  consideration  is  given  to  the  formulation  of  the 
system’s  mass  and  inertial  properties.  The  total  mass  and  inertia  properties  of  the  two- 
component  system  are  held  constant  at  values  equal  to  that  of  a  baseline  rigid  projectile.  A  disk¬ 
shaped  mass,  located  on  the  axis  of  symmetry  of  the  nominal  rigid  projectile,  is  removed  from 
the  baseline  rigid  projectile.  The  removed  mass  is  equal  to  that  of  the  internal  part.  Resulting 
mass  and  inertia  properties  are  appropriately  modified.  The  modified  projectile  comprising  the 
two-body  system  is  called  the  projectile  (P),  and  the  original  baseline  projectile  is  called  the 
nominal  rigid  projectile.  The  internal  part  is  then  added  to  the  projectile  such  that  if  the  internal 
part  were  held  fixed  with  respect  to  the  projectile  body,  the  combined  masses  produce  mass  and 
inertia  properties  for  the  two-body  system  that  are  identical  to  the  baseline  rigid  projectile.  The 
reference  point,  S,  is  taken  as  the  center  of  mass  of  the  baseline  rigid  projectile. 


4.  Control  Mechanism  Deployment 


For  a  gun-launched  weapon,  acceleration  at  the  muzzle  exit  is  sufficiently  large  to  prevent  proper 
operation  of  the  onboard  CPU  until  slightly  after  launch,  as  well  as  prevent  relative  motion 
between  the  projectile  and  internal  part.  If  the  internal  part  is  laterally  offset  from  the  projectile 
axis  of  symmetry  at  the  time  of  firing  the  two-body  system  is  equivalent  to  a  statically 
unbalanced  projectile.  A  statically  unbalanced  projectile  is  mechanically  constrained  to  rotate 
about  its  geometric  center  of  form  while  traveling  down  a  rifled  gun  barrel.  At  the  muzzle  of  the 
gun,  the  mechanical  constraint  provided  by  the  barrel  is  suddenly  removed,  and  the  initial 
conditions  of  the  free-flight  trajectory  are  dependent  on  the  spin  rate,  the  lateral  offset  of  the 
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center  of  mass,  and  the  roll  orientation  angle  of  the  center  of  mass.  The  effect  of  a  lateral  center- 
of-mass  offset,  or  static  unbalance,  is  to  change  the  initial  direction  of  the  trajectory  of  a  spin- 
stabilized  projectile  at  the  gun  muzzle  (15).  Exterior  ballisticians  commonly  refer  to  this  effect  as 
lateral  throw-off  Internal  part  offset  from  the  projectile  axis  of  symmetry  at  launch  results  in 
unpredictable  changes  in  the  trajectory  because  roll  angle  of  the  mass  center  is  not  practically 
controllable  at  the  muzzle.  To  avoid  lateral  throw-off  effects,  the  internal  part’s  center  of  mass  is 
located  on  the  projectile  axis  of  symmetry,  and  the  part  is  symmetric  and  not  spinning  relative  to 
the  projectile.  After  the  system  exits  the  muzzle,  the  control-processing  unit  is  powered  on  and  a 
small  amount  of  time  is  allowed  to  elapse  in  order  for  the  system  to  wann  up.  The  symmetric 
part  is  controlled  to  the  desired  roll  orientation  relative  to  a  nonrolling  reference  frame,  reformed 
as  an  asymmetrical  part,  and  offset  from  the  axis  of  symmetry  inducing  a  stationary  mass 
unbalance  in  the  two-body  system. 


5.  Internal  Part  Orientation  Control 


To  affect  the  trajectory  of  the  system,  the  roll  angle  of  the  internal  part  is  controlled  such  that  it 
causes  a  stationary  mass  unbalance  of  the  projectile  with  respect  to  a  nonrolling  reference  frame. 
Derivative  control  is  used  to  reduce  the  spin  rate  of  the  part,  defined  as 

Q  =  p  +  co ,  (21) 

to  less  than  1  rad/s.  The  roll  orientation  of  the  symmetric  part  is  first  controlled  to  the  desired 
angle  relative  to  the  nonrolling  reference  frame,  and  then  reformed  asymmetrically  and  offset 
from  the  projectile  axis  of  symmetry.  The  no-roll  reference  frame  is  located  on  the  two-body 
system  reference  point,  S,  and  is  defined  as  an  intermediate  frame  before  roll  angle  rotation  of 
the  projectile  body  frame,  as  shown  in  figure  3.  The  desired  control,  (f)c ,  is  specified  as  a  roll 

angle  between  -180°  and  180°  with  respect  to  the  no-roll  frame.  The  error,  (j)E ,  is  defined  as  the 
angle  between  the  specified  control  angle  and  J D  .  The  orientation  angle  of  the  part,  (j)j , 
between  JD  and  JN ,  is  given  as 


(22) 


A  control  reference  frame  is  defined  to  be  aligned  with  the  desired  part  orientation  angle,  as 
shown  in  figure  3: 


V 

"l 

0 

0  " 

V 

Jc 

»  = 

0 

C<!>c 

S*c 

JN 

A 

0 

~S*c 

Ctc_ 

Kn 

(23) 


8 


Figure  3.  Internal  part  orientation  angle  control  metrics. 


To  determine  the  control  command,  the  angle  of  error  is  computed  as  given: 

\ 

Sj,  CA  —c,  Sj, 

V.J  9c_ _ tJ_  rc 

Cj  Cj  +  Sj  Sj 

&J  fie  fij  y 

Control  of  the  error  is  maintained  by  applying  an  axial  torque  T  that  is  produced  by  the  control 
algorithm  shown  in  figure  4. 


Figure  4.  Internal  part  orientation  angle  and  roll  rate  control  logic. 


6.  Trajectory  Control  Mechanism 


The  main  mechanism  for  steering  the  system  is  a  moment  produced  by  axial  drag  about  the 
composite  body  center  of  mass  that  is  created  by  positioning  the  part  in  a  fixed  orientation 
relative  to  the  nonrolling  reference  frame  attached  to  the  projectile  body.  This  moment  causes  a 
fin-stabilized  system  to  swerve  in  the  same  direction  of  the  resulting  yawing  motion.  However, 
for  a  spin-stabilized  system,  the  swerve  is  -180°  out  of  phase  with  the  initial  direction  of  the  yaw 
due  to  the  gyroscopic  effects  inherent  in  a  spinning  projectile.  Thus,  positioning  the  part  to  the 
right  of  the  projectile  centerline  will  cause  a  spin-stabilized  system  to  swerve  to  the  right  and  up, 
as  shown  in  figure  5. 
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Figure  5.  Trajectory  control  mechanism. 
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7.  Results 


To  generate  the  trajectories,  the  14  differential  equations  described  previously  are  numerically 
integrated  using  a  fourth-order  Runge-Kutta  algorithm.  In  order  to  validate  the  dynamic  model 
described  previously,  trajectory  results  were  generated  for  the  special  case  of  a  symmetric  disk 
mounted  on  the  axis  of  symmetry  of  the  projectile.  Bearing  friction  was  set  sufficiently  large  so 
that  relative  motion  between  the  disk  and  projectile  was  negligible,  hence  mimicking  a  rigid 
projectile.  These  trajectory  results  compared  favorably  with  a  well-known  rigid  six-DOF  model 
driven  by  the  same  configuration  data. 

In  the  following  studies,  consideration  is  given  to  modifying  the  mass  and  inertia  properties  of 
the  nominal  rigid  projectile  such  that  it  is  fundamentally  less  stable  then  that  of  a  typical  fin- 
stabilized  or  spin-stabilized  projectile.  This  modification  is  conducted  to  demonstrate  the 
increased  control  authority  achieved  through  destabilization  of  a  nominal  rigid  projectile. 
Removing  mass  from  the  nominal  rigid  projectile  and  replacing  it  at  a  different  location  along 
the  stationline  alters  the  mass  and  inertia  properties.  For  a  spin-stabilized  projectile,  this 
modification  shifts  the  nominal  rigid  projectile  center  of  mass  forward  and  closer  to  the 
aerodynamic  center  of  pressure  and  decreases  the  resistance  to  rotation  about  the  J p  and  Kp 
projectile  body  axes,  while  maintaining  the  nominal  rigid  projectile  mass.  For  a  fin-stabilized 
projectile,  the  nominal  rigid  projectile  center  of  mass  is  shifted  aft  and  closer  to  the  aerodynamic 
center  of  pressure.  The  seven  DOF  two-body  system  constructed  with  a  nominal  projectile  is 
called  the  nominal  two-body  system  and  the  seven  DOF  two-body  system  constructed  with  a 
modified  projectile  is  called  the  modified  two-body  system.  Consideration  is  also  given  to 
increasing  the  drag  and  lift  on  a  modified  and  nominal  system  to  further  emphasize  the  increased 
control  authority  that  is  achieved  by  coupling  this  type  of  mechanism  with  nonstandard 
munitions.  These  systems  are  called  the  modified  drag  system  and  the  nominal  drag  system. 

In  order  to  determine  the  effects  of  using  an  internal  part  as  a  control  mechanism  for  a 
fin-stabilized  projectile,  the  flight  characteristics  of  a  nominal,  modified,  and  drag  modified 
fin-stabilized  system  were  simulated  and  compared  to  the  flight  characteristics  of  a  standard  rigid 
fin-stabilized  projectile.  Results  are  shown  for  a  typical  fin-stabilized  rocket  having  a  weight  of 
120.20  N.  The  nominal  stationline,  buttline,  and  waterline  distances  to  the  nominal  fin-stabilized 
projectile  center  of  mass  are  76.2,  0,  and  0  cm,  respectively,  measured  from  the  base.  The 
modified  stationline,  buttline,  and  waterline  distances  to  the  modified  fin-stabilized  projectile 
center  of  mass  are  46.22,  0,  and  0  cm,  respectively,  measured  from  the  base.  The  nominal  roll 
inertia  is  0.025  kg-m“,  and  the  nominal  pitch  and  yaw  inertia  is  6  kg- nr.  The  fin-stabilized 
projectile  modified  roll  inertia  is  0.025  kg-m  ,  and  the  modified  pitch  and  yaw  inertia  is 
9.95  kg-nr.  The  reformed  internal  part  consists  of  a  semicylindrical  shaped  lead  part  mounted  to 
an  axle  such  that  I D  coincides  with  I p .  The  semicylindrical  shaped  part  located  in  the  fin- 
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stabilized  system  has  a  radius  of  3. 1 8  cm  and  is  10.16  cm  long.  It  has  a  mass  of  1 .83  kg.  The 
part-to-projectile  connection  point  is  located  at  the  composite  body  center  of  mass.  When 
reformed  asymmetrically,  the  part  center  of  mass  is  radially  offset  from  the  projectile  axis  of 
symmetry  a  distance  of  s  =  1.35  cm.  It  has  roll  inertia  of  1.94  E-2  kg-m  ,  yaw  inertia  of  2.02  E- 
2  kg-in2,  and  pitch  inertia  of  9.28  E-03  kg-m2.  The  initial  Euler  angles  (j),  6 \  and  i//and  of  the 
fin-stabilized  system  are  0,  3,  and  0°,  respectively.  The  fin-stabilized  system  is  launched  with  a 
velocity  of  350.52  m/s  and  a  spin  rate  of  50  rad/s.  The  initial  pitch  and  yaw  rates  and  the  side 
velocities  are  all  equal  to  zero.  The  part  roll  rate  control  is  initiated  0.5  s  after  the  projectile  is 
launched.  It  takes  ~1  s  to  spin  the  part  down  to  less  than  1  rad/s  and  control  the  part  to  the 
desired  roll  orientation.  The  part  is  asymmetrically  reformed  1.5  s  into  the  flight.  The  maximum 
allowable  control  torque  is  set  at  13.56  N-m.  The  commanded  control  angle  (f)c  is  specified  to  be 
0  rad  for  the  trajectory  of  the  nominal  and  modified  two-body  fin-stabilized  systems.  Both 
system  trajectories  are  compared  to  that  of  an  exemplary  fin-stabilized  rigid  projectile.  Included 
in  the  study  are  the  trajectories  of  a  fin-stabilized  system  that  result  if  the  axial  drag  of  a 
modified  two-body  system  projectile  is  increased  by  30%. 

Altitudes  vs.  range  of  the  two-body  systems  are  compared  to  that  of  a  fin-stabilized  rigid 
projectile  in  figure  6.  The  trajectory  of  the  nominal  system  and  the  rigid  projectile  are 
coincident.  All  systems  travel  downrange  and  impact  with  a  vertical  target  at  a  range  of  3  km. 
The  inertia  of  the  modified  system  is  such  that  it  induces  an  increase  in  pitch  at  launch  resulting 
in  increased  altitude.  The  modified  drag  system  also  experiences  an  initial  increase  in  altitude, 
but  this  quickly  reduces  due  to  increased  drag  and  results  in  a  decrease  in  altitude  at  impact.  In 
figure  7,  cross  range  of  the  nominal  two-body  system  is  —4  m  greater  than  that  of  a  rigid 
projectile  in  a  direction  opposite  that  of  the  part  orientation.  Cross  range  of  the  modified  two- 
body  system  is  -27  m  greater  than  that  of  a  rigid  projectile.  Increasing  axial  drag  of  the  two- 
body  system  by  30%  further  increases  cross  range  over  that  of  a  rigid  projectile  to  -40  m.  The 
forward  velocity  time  histories  of  the  fin-stabilized  systems  are  compared  to  a  rigid  projectile  in 
figure  8.  The  nominal  system  velocity  is  coincident  with  that  of  a  rigid  projectile,  demonstrating 
that  the  inclusion  of  an  internal  part  has  little  effect  on  the  projectile  forward  velocity.  The 
modified  two-body  system,  however,  flies  at  a  slightly  higher  angle  of  attack,  increasing  drag, 
and  noticeably  reducing  forward  velocity.  The  roll  rate  time  histories  of  a  rigid  projectile,  the 
two-body  systems,  and  their  internal  parts  are  shown  in  figure  9.  The  part  roll  rates  are  all 
coincident.  Control  of  the  part  roll  rate  is  not  initiated  until  0.5  s  into  the  flight  and  a  moment 
due  to  bearing  friction  causes  roll  rate  of  the  part  to  decrease  at  a  slower  rate  than  that  of  the 
projectile  body.  When  control  is  initiated  at  0.5  s,  torque  is  applied  to  the  part,  causing  it  to 
rotate  in  a  direction  opposite  to  that  of  the  projectile.  The  applied  torque  acts  on  the  projectile  in 
an  equal  and  opposite  direction,  causing  it  to  spin  down.  Once  control  is  implemented,  it  takes 
~0.2  s  to  reduce  roll  rate  of  the  part  to  less  than  1  rad/s,  and  another  0.8  s  to  control  the  roll 
orientation  of  the  symmetrical  part  to  the  desired  angle  relative  to  the  nonrolling  reference  frame, 
as  shown  in  figure  10.  The  maximum  torque  required  to  reduce  the  spin  rate  to  less  than  1  rad/s 
is  -0.30  N-m,  as  shown  in  figure  11.  Once  roll  rate  of  the  part  is  reduced,  and  reformed 
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asymmetrically  at  an  offset  from  the  projectile  axis  of  symmetry,  approximately  half  the 
maximum  torque  is  necessary  to  control  the  disk  at  a  specified  angle.  Angle  of  attack  vs.  time  of 
the  two-body  systems  is  compared  to  that  of  a  rigid  projectile  in  figure  12.  The  inertial 
characteristics  of  the  modified  projectile  cause  an  initial  increase  in  the  angle  of  attack  of  the 
modified  two-body  system  at  launch.  Fixing  the  orientation  of  the  mass  unbalance  and 
reforming  the  part  asymmetrically  (occurs  at  1.5  s)  perturbs  the  system  dynamics  affecting 
increases  in  the  angle  of  attack  of  both  two-body  systems.  It  also  induces  lateral  oscillations  in 
the  angle  of  attack,  which  decay  over  time.  However,  the  perturbations  due  to  the  reformation  of 
the  part  results  in  the  modified  two-body  system  angle  of  attack  increasing  with  time.  Fixing  the 
orientation  of  the  mass  unbalance  at  a  0°  control  angle  causes  an  increase  in  the  Euler  yaw  angle 
of  the  two-body  systems,  as  shown  in  figure  13.  However,  it  has  very  little  effect  on  Euler  pitch 
angle  shown  in  figure  14.  If  the  part  were  fixed  at  an  angle  of  90  or  270°,  a  large  increase  would 
be  seen  in  the  Euler  pitch  angle  and  the  Euler  yaw  angle  would  not  be  affected. 
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Figure  8.  Fin-stabilized  system  magnitude  of  velocity  time  history. 
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Figure  10.  Fin-stabilized  system  part  roll  angle  time  histories. 
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Figure  12.  Fin-stabilized  system  angle  of  attack. 


17 


Euler  Pitch  Angle  (deg)  c  Euler  Yaw  Angle  (deg) 


e  13.  Fin-stabilized  system  Euler  yaw  angle. 


Figure  14.  Fin-stabilized  system  Euler  pitch  angle. 
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In  order  to  evaluate  control  authority  size  and  shape,  vertical  plane  dispersion  patterns  are  shown 
in  figure  15  for  different  part  command  angles.  Control  authority  is  defined  as  the  dispersion 
pattern  created  by  the  set  of  impact  points.  Control  authority  is  shown  for  the  nominal  and 
modified  two-body  systems  and  for  the  nominal  and  modified  two-body  systems  with  30% 
increased  axial  drag.  For  this  study,  the  orientation  of  the  mass  unbalance  is  controlled  at  angles 
from  0  to  360°  in  increments  of  10°,  and  impact  points  are  plotted  with  respect  to  the  impact 
points  of  similar  uncontrolled  systems.  Predictable  dispersion  patterns  are  achieved  for  given 
mass  unbalance  orientation  angles.  Moreover,  increased  control  authority  is  achieved  by 
modifying  the  mass,  inertia,  and  aerodynamic  properties  of  a  rigid  projectile  such  that  it  is 
fundamentally  less  stable  than  that  of  a  typical  fin-stabilized  projectile. 


Figure  15.  Control  authority  plot  for  fin-stabilized  systems. 
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In  order  to  evaluate  the  effect  that  velocity  has  on  a  system  containing  an  internal  part,  dispersion 
patterns  were  generated  for  a  range  of  launch  velocities  of  a  modified  fin-stabilized  system  fired 
at  a  pitch  angle  of  3°  from  an  altitude  of  3000  m  at  a  target  3000  m  downrange.  The  effects  of 
varying  velocity  are  isolated  from  the  time  at  which  the  internal  mechanism  is  deployed  by 
reforming  the  part  asymmetrically  at  the  same  range  (762  m)  for  each  of  the  velocities.  The 
radial  mean  of  dispersion  was  calculated  from  the  impact  points  generated  by  simulating  the 
trajectories  of  the  modified  fin-stabilized  system  equipped  with  a  semicylindrical  part  controlled 
at  angles  from  0  to  360°  in  increments  of  10°.  The  radial  mean  of  dispersion  and  average 
stationline  distance  from  the  center  of  pressure  to  the  system  center  of  gravity  is  plotted  vs. 
average  velocity  in  figure  16.  The  increase  in  control  authority  at  lower  velocities  is  due  to  the 
fact  that  fin-stabilized  systems  usually  become  less  stable  at  lower  velocities,  and  therefore 
perturbation  due  to  the  axial  drag  induced  moment  results  in  a  greater  increase  in  yaw  and 
consequently  dispersion.  The  decrease  in  stability  is  a  result  of  the  Mach  number  dependent 
stationline  center  of  pressure  approaching  the  system  stationline  center  of  gravity  at  lower 
velocity.  This  observable  fact  is  shown  in  figure  16,  where  average  stationline  distance  from  the 
center  of  pressure  to  the  system  stationline  center  of  mass  is  plotted  vs.  velocity  on  the  right- 
hand  side  of  the  graph.  Consequences  of  increasing  dispersion  by  lowering  velocity  are  an 
increase  in  time  to  target  and  a  loss  in  altitude,  as  shown  in  figures  17  and  18. 
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Figure  17.  Fin-stabilized  system  time  to  target  as  a  function  of  velocity. 


Figure  18.  Fin-stabilized  system  loss  in  altitude  as  a  function  of  velocity. 
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A  subsequent  study  was  perfonned  to  detennine  the  effects  of  using  an  internal  part  as  a  control 
mechanism  for  a  spin-stabilized  projectile.  The  flight  characteristics  of  a  nominal,  modified,  and 
drag  modified  spin-stabilized  system  were  simulated  and  compared  to  the  flight  characteristics  of 
a  nominal  and  modified  rigid  spin-stabilized  projectile.  Results  are  shown  for  a  typical  155-mm 
spin-stabilized  artillery  shell  having  a  nominal  weight  of  422  N.  The  nominal  stationline, 
buttline,  and  waterline  distances  to  the  nominal  spin-stabilized  projectile  center  of  mass  are  0.32, 
0,  and  0  m,  respectively,  measured  from  the  base.  The  stationline,  buttline,  and  waterline 
distances  to  the  modified  projectile  center  of  mass  are  0.62,  0,  and  0  m,  respectively,  measured 
from  the  base.  The  spin-stabilized  projectile  nominal  roll  inertia  is  0.48  kg-nT,  and  the  nominal 
pitch  and  yaw  inertias  are  6.21  kg-nT.  The  spin-stabilized  projectile  modified  roll  inertia  is 
0.61  kg-nr,  and  the  modified  pitch  and  yaw  inertias  are  5.35  kg-nT.  The  reformed  internal  part 
contained  in  the  spin-stabilized  system  consists  of  a  semicylindrical  shaped  lead  part  that  has  a 
mass  of  4.58  kg,  a  radius  of  6.35  cm,  and  is  6.35  cm  thick.  The  part-to-projectile  connection 
point  is  located  at  the  composite  body  center  of  mass.  When  reformed  asymmetrically,  the  part 
center  of  mass  is  radially  offset  from  the  projectile  axis  of  symmetry  a  distance  of  a  =  2.69  cm. 

It  has  a  roll  inertia  of  1 .94  E-2  kg-nT,  a  yaw  inertia  of  2.02  E-2  kg-nT,  and  a  pitch  inertia  of 
9.28  E-03  kg-m2. 

The  initial  Euler  angles  <f>,  6 ,  and  y/  of  the  spin-stabilized  projectile  are  0,  30,  and  0°, 
respectively.  The  spin-stabilized  projectile  leaves  the  muzzle  with  a  velocity  of  838.20  m/s  and  a 
spin  rate  of  1675  rad/s.  The  initial  pitch  and  yaw  rates  and  the  side  velocities  are  all  equal  to 
zero.  Part  roll  rate  control  is  initiated  2  s  after  the  projectile  leaves  the  muzzle.  It  requires  ~3  s 
to  spin  the  part  down  to  less  than  1  rad/s  and  another  0.5  s  to  control  the  part  to  the  desired  roll 
orientation.  The  part  is  asymmetrically  reformed  6  s  into  flight.  The  maximum  allowable 
control  torque  is  13.56  N-m.  The  commanded  control  angle  <f)c  is  specified  to  be  0°.  In  order  to 
determine  the  effects  altering  the  aerodynamics  of  a  modified  projectile  have  on  a  spin-stabilized 
system,  the  Mach  number  dependent,  drag,  and  lift  force  coefficients  of  the  modified  spin- 
stabilized  projectile  are  increased  by  30%.  However,  indirect  fire  weapons  suffer  a  loss  in  range 
and  altitude  with  increased  drag;  therefore,  the  increased  control  authority  due  to  the  moment 
produced  from  axial  drag  about  the  system  center  of  mass  is  offset  by  the  loss  in  time  of  flight. 

In  order  to  compare  the  effects  of  altering  drag  and  lift  coefficients  on  the  system,  the  muzzle 
velocity  of  the  modified  drag  system  is  increased  to  960  m/s  to  compensate  for  the  loss  in 
altitude  and  range  caused  by  the  increase. 

Altitude  vs.  range  of  nominal,  modified,  and  modified  drag,  two-body  systems  is  compared  to 
that  of  nominal  and  modified  rigid  projectiles  in  figure  19.  The  inertia  of  the  modified  two-body 
system  is  such  that  it  induces  a  negative  pitch  rate  at  launch.  Because  of  gyroscopic  effects 
inherent  in  spinning  projectiles,  the  negative  pitch  rate  results  in  a  positive  increase  in  altitude 
and  consequent  increase  in  range.  Increasing  the  axial  and  nonnal  drag  by  30%  of  the  modified 
drag  system  and  increasing  its  muzzle  velocity  to  960  m/s  increases  the  altitude  while 
maintaining  approximately  the  same  range  as  the  modified  system.  A  further  increase  in  altitude 
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is  gained  by  the  two-body  systems  over  the  altitude  of  the  rigid  projectiles  because  of  increased 
spin  rate  due  to  the  axial  torque  necessary  to  orient  the  internal  part.  Figure  20  shows  that 
controlling  the  internal  part  at  an  angle  of  0°  results  in  an  increased  range  of  —20  m  over  that  of  a 
nominal  rigid  projectile.  It  affects  an  increase  in  cross  range  of  -55  m  over  that  of  an 
uncontrolled  two-body  system  in  the  direction  of  the  part  orientation.  Controlling  the  internal 
part  at  an  angle  of  0°  in  a  modified  two-body  system  results  in  an  increased  range  of  —80  m  and 
an  increased  cross  range  of  -90  m  over  that  of  a  modified  rigid  projectile.  Increasing  the  drag 
and  lift  coefficients  further  increases  the  cross  range  to  -190  m;  however,  range  is  decreased  by 
-55  m.  Note  that  the  spin-stabilized  system  lateral  swerve  in  the  horizontal  plane  is  in  a 
direction  opposite  to  that  of  the  motion  that  would  be  intuitively  produced  as  a  result  of  the  axial 
drag  acting  about  the  composite  body  center  of  gravity.  Referring  to  figure  7,  it  can  be  seen  that 
the  direction  of  horizontal  plane  swerve  for  a  fin-stabilized  system  is  opposite  that  of  a  spin- 
stabilized  system  for  the  same  part  orientation  control  angle.  The  forward  velocity  time  histories 
of  the  nominal  and  modified  two-body  systems  that  are  compared  in  figure  2 1  are  almost 
coincident,  demonstrating  that  the  inclusion  of  an  internal  part  has  little  effect  on  a  spin- 
stabilized  system’s  forward  velocity.  The  modified  two-body  system,  however,  flies  at  a  slightly 
higher  angle  of  attack,  increasing  drag,  and  slightly  reducing  the  forward  velocity  (-3  m/s). 

The  modified  drag  system  reduction  in  forward  velocity  is  due  to  the  increased  axial  force.  The 
roll  rate  time  histories  of  the  controlled  two-body  systems  and  their  internal  parts  are  shown  in 
figure  22.  Control  of  the  part  roll  rate  is  not  initiated  until  2  s  into  the  flight  and  a  moment  due  to 
bearing  friction  causes  roll  rate  of  the  part  to  decrease  at  a  reduced  rate  than  that  of  the  projectile 
body.  When  control  is  initiated  at  2  s,  torque  is  applied  to  the  part  causing  it  to  rotate  in  a 
direction  opposite  to  that  of  the  projectile.  The  applied  torque  acts  on  the  projectile  in  an  equal 
and  opposite  direction,  causing  it  to  spin  up.  The  modified  systems  have  greater  roll  inertia  than 
the  nominal  system,  and  do  not  spin  up  as  quickly  or  to  as  large  a  rate.  However,  because  of  the 
greater  roll  inertia,  the  modified  systems’  spin  rates  are  not  damped  out  to  the  same  extent  as  the 
nominal  system’s  spin  rate.  Once  control  is  implemented,  it  requires  -3  s  to  reduce  roll  rate  of 
the  part  to  less  than  1  rad/s,  and  another  0.5  s  to  control  the  roll  orientation  to  the  desired  angle 
relative  to  the  nonrolling  reference  frame  (figure  23).  In  order  to  achieve  zero  spin  rate  with 
respect  to  the  no-roll  frame,  the  part  is  spun  at  a  rate  equal  and  opposite  to  that  of  the  projectile. 
For  a  spin-stabilized  system,  this  initially  requires  a  significant  torque  and  during  this  time  the 
controller  is  saturated  as  shown  in  the  control  torque  profile  in  figure  24.  Once  roll  rate  of  the 
part  is  reduced,  and  reformed  asymmetrically  at  an  offset  from  the  projectile  axis  of  symmetry, 
the  torque  necessary  to  control  the  disk  at  a  specified  angle  becomes  more  manageable  and 
changes  in  angle  can  be  achieved  in  less  than  0.5  s.  Angle  of  attack  vs.  time  of  the  controlled 
two-body  systems  is  compared  to  that  of  the  rigid  projectiles  in  figure  25.  Inertial  characteristics 
of  the  modified  projectile  cause  an  initial  increase  in  the  angle  of  attack  of  the  modified  two- 
body  system  at  launch.  Fixing  the  orientation  of  the  mass  unbalance  (which  occurs  at  6  s) 
perturbs  the  system  dynamics  affecting  increases  in  the  angle  of  attack  of  the  controlled  two- 
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body  systems.  It  also  induces  lateral  oscillations  of  the  nominal  two-body  system  angle  of 
attack,  which  decay  over  time.  Fixing  the  mass  unbalance  at  an  angle  of  0°  in  the  controlled 
systems  increases  their  Euler  yaw  and  pitch  angles,  as  shown  in  figures  26  and  27.  A  greater 
increase  in  these  angles  is  achieved  in  the  modified  systems. 
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ire  21.  Spin-stabilized  system  magnitude  of  velocity  time  history. 


Figure  22.  Spin-stabilized  system  roll  rate  time  histories. 
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re  23.  Spin-stabilized  system  part  orientation  angle  time  history. 


Figure  24.  Spin-stabilized  system  control  torque. 
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Figure  26.  Spin-stabilized  system  Euler  yaw  angle. 
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Figure  27.  Spin-stabilized  system  Euler  pitch  angle. 

In  order  to  evaluate  the  effect  that  controlling  the  orientation  of  the  mass  unbalance  at  different 
angles  has  on  a  spin-stabilized  system,  dispersion  patterns  shown  in  figure  28  are  generated  for 
the  nominal,  modified,  and  modified  drag,  two-body  spin-stabilized  systems.  As  in  the  fin- 
stabilized  study,  the  orientation  of  the  mass  unbalance  is  controlled  at  angles  from  0  to  360°  in 
increments  of  10°.  Ground  impact  points  are  plotted  with  respect  to  the  impact  points  of  a 
similar  rigid  projectile.  The  patterns  are  laterally  shifted  about  the  rigid  projectile  impact  points 
because  of  the  increased  roll  rates  of  the  controlled  systems.  These  axial  torque  induced  roll 
rates  produce  Magnus  forces  that  cause  the  controlled  systems  to  swerve  more  laterally.  Figure 
28  is  significant  in  the  fact  that  it  shows  that  predictable  dispersion  patterns  are  achieved  for 
given  mass  unbalance  orientation  angles  for  a  spin-stabilized  system  as  well  as  for  a  fin- 
stabilized  system.  Increased  control  authority  is  also  achieved  with  a  spin-stabilized  system  by 
modifying  the  inertia  and  aerodynamic  properties  of  the  nominal  rigid  projectile  such  that  it  is 
fundamentally  less  stable  then  that  of  a  typical  spin-stabilized  projectile.  Altering  the 
aerodynamic  properties  changes  the  dynamics  of  the  system  such  that  the  impact  points  for  given 
angles  are  out  of  phase  with  the  impact  points  generated  from  the  same  angles  of  a 
nonaerodynamically  altered  system. 
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Figure  28.  Control  authority  plot  for  spin-stabilized  systems  fired  at 
Q.E.  =  30°. 

Figure  29  shows  the  dispersion  patterns  for  a  nominal  spin-stabilized  system  fired  at  quadrant 
elevations  of  15,  30,  and  45°.  Range  control  of  an  internal  part  control  mechanism  is  limited  in 
indirect  fire  weapons  by  the  angle  of  fire.  Changes  in  cross  range  are  proportional  to  the 
quadrant  elevation  of  the  muzzle;  however,  changes  in  range  are  sensitive  to  the  pitch  angle  of 
the  projectile.  To  demonstrate  this  phenomenon,  the  system  was  fired  at  several  different 
quadrant  elevations,  and  the  effected  change  in  range  is  plotted  vs.  the  change  in  pitch  angle 
shown  in  figure  30.  For  a  system  fired  at  a  quadrant  elevation  of  50°,  any  change  in  pitch  angle 
affected  by  the  internal  mechanism  produces  very  little  change  in  range. 

A  modified  spin-stabilized  system  was  fired  at  a  quadrant  elevation  of  30°  with  a  semicylindrical 
internal  part  controlled  at  angles  from  0  to  360°  in  increments  of  10°  and  reformed 
asymmetrically  6  s  into  the  flight.  Muzzle  velocity  was  varied  from  595  to  1265  m/s.  The  initial 
roll  rate  was  assumed  constant  and  all  other  initial  conditions  were  as  given  in  the  trajectory 
study  previously  discussed.  In  order  to  isolate  the  effects  of  velocity  on  the  trajectory,  the  radial 
mean  of  dispersion  per  trajectory  length  is  plotted  vs.  average  velocity  in  figure  3 1 .  Unlike  a  fin- 
stabilized  system,  spin-stabilized  systems  achieve  greater  control  authority  with  higher  velocity. 
In  a  spin-stabilized  system,  the  Mach  number  dependent  stationline  center  of  pressure  shifts  aft 
toward  the  system  stationline  center  of  gravity  as  velocity  is  increased,  thus  destabilizing  the 
system.  This  finding  is  shown  in  figure  3 1  where  average  stationline  distance  from  the  center 


29 


Change  in  Range  (m)  f,|  i  Change  in  Range  (m) 


re  29.  Control  authority  plots  for  a  nominal  spin-stabilized  system  (Q.E.  =  15,  30, 
and  45°). 


Figure  30.  Pitch  angle  sensitivity. 
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of  pressure  to  the  system  center  of  mass  is  plotted  on  the  right  hand  side  of  the  graph.  This 
destabilization  allows  the  perturbations  due  to  axial  drag-induced  moments  to  have  a  greater 
impact  on  the  amount  of  control  authority. 


The  effect  of  increasing  part  mass  or  increasing  the  distance  the  part  center  of  mass  is  offset  from 
the  projectile  axis  of  symmetry  acts  to  increase  control  authority.  However,  the  size  and  shape  of 
the  part  is  constrained  by  the  size  and  shape  of  the  projectile  that  it  is  contained  within.  A  study 
was  conducted  in  which  material  was  removed  in  increasing  radial  amounts  (as  shown  in  figure 
32)  from  a  disk  shaped  part  contained  in  a  modified  fin-stabilized  system.  Removing  material 
from  the  disk  results  in  a  trade-off  between  increased  mass  center  offset  distance  and  decreased 
part  mass.  The  radial  mean  of  dispersion  was  calculated  from  the  impact  points  generated  by 
simulating  the  trajectories  of  a  modified  fin-stabilized  system  equipped  with  the  various  parts 
controlled  at  angles  from  0  to  360°  in  increments  of  10°.  By  generating  the  dispersion  patterns 
and  calculating  the  radial  mean,  it  is  shown  in  figure  33  that  control  authority  is  linearly 
proportional  to  the  mass  of  the  part  times  the  radial  offset  of  the  part  center  of  mass.  The  radial 
mean  produced  by  the  most  mass  and  smallest  offset  distance  is  recorded  at  the  bottom  left  of  the 
curve.  As  mass  decreases  and  offset  distance  increases,  the  curve  slopes  up  and  to  the  right.  As 
mass  decreases  further,  the  curve  retraces  itself  back  to  the  bottom  left.  The  same  study 
conducted  for  a  spin-stabilized  system  produces  an  identical  trend.  The  largest  radial  mean  is 
achieved  using  a  semicylindrical  part,  as  depicted  in  figure  3,  with  ju  =  0  . 
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Radial  Mean  of  Dispersion  (m) 


Figure  32.  Part  mass  removal  configuration. 


Figure  33.  Dispersion  as  a  function  of  part  mass  times  part  mass  center  offset. 
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In  order  to  evaluate  the  effect  that  mechanism  activation  time  has  on  control  authority,  dispersion 
patterns  are  shown  for  a  modified  spin-stabilized  system  fired  at  a  quadrant  elevation  of  30°  with 
nominal  initial  conditions.  The  allowable  control  torque  was  specified  to  be  unlimited  and  the 
reformation  time  of  the  part  was  varied.  The  resulting  radial  mean  of  dispersion  is  plotted  vs.  the 
part  reformation  time  in  figure  34.  For  an  ideal  system  in  which  control  torque  is  unlimited  and 
the  part  is  considered  controlled  at  the  desired  orientation  at  firing,  control  authority  achieved  is 
greatly  increased  to  a  value  of  -380  m.  The  amount  of  dispersion  is  greatly  reduced  as  the  time 
of  part  refonnation  is  increased. 


Figure  34.  Spin-stabilized  dispersion  vs.  time  of  part  reformation. 

Typical  dispersion  results  for  an  uncontrolled  nominal  fin-stabilized  rigid  projectile  based  on  a 
sample  of  200  trajectories  subjected  to  initial  and  in-flight  errors  are  shown  in  figure  35. 

Induced  launch  errors  are  normally  distributed  random  variables  with  means  equal  to  zero.  The 
standard  deviations  are  as  follows:  launch  range  position  and  launch  cross  range  position 
standard  deviations  =  6.56  m,  launch  elevation  aiming  error  =  0.34°,  launch  azimuth  aiming  error 
standard  deviation  =  0.23°,  forward  velocity  error  standard  deviation  =  13.12  m,  pitch  and  yaw 
rate  error  standard  deviation  =  0.3  rad/s,  side  velocity  errors  standard  deviations  =  6.56  m/s,  and 
mean  wind  magnitude  standard  deviation  =  6.56  m/s.  The  mean  wind  direction  is  considered  as 
a  uniformly  distributed  random  variable  varying  from  0  to  360°.  The  circular  error  probable 
(CEP)  shown  as  a  dotted  line  in  figure  35  is  defined  as  the  minimum  radius  of  a  circle  centered  at 
the  mean  impact  point  and  containing  at  least  50%  of  the  shot  impact  points  (shown  as  x’s).  The 
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control  authorities  for  nominal,  modified,  and  modified  drag  fin-stabilized  systems  are  shown  on 
figure  35  as  solid  lines  and  are  labeled  accordingly.  Ideally,  a  practical  control  mechanism  has 
control  authority  significantly  greater  than  the  CEP  of  the  uncontrolled  round.  However,  impact 
point  dispersion  can  only  be  reduced  to  the  accuracy  of  a  weapon’s  position  estimate  in  the 
vicinity  of  the  target  and  the  control  authority  suggested  from  the  simulation  should  be  tempered 
against  position  estimate  errors  that  add  to  dispersion  characteristics  of  a  fielded  weapon.  The 
dispersion  generated  from  the  trajectories  of  a  nominal  fin-stabilized  rigid  projectile  subjected  to 
errors  induced  at  launch  and  in  flight  result  in  a  CEP  of  27.4  m.  The  CEP  shown  in  figure  35  is 
almost  coincident  with  the  control  authority  of  the  modified  fin-stabilized  system;  however,  the 
control  authority  plot  is  slightly  elliptical  and  the  CEP  circle  is  barely  visible  just  inside  it.  The 
control  authority  for  a  controlled  nominal  system  contains  only  1.5%  of  all  impact  points 
produced  from  errors  induced  at  launch  and  during  flight.  This  result  establishes  the  fact  that  an 
internal  part  control  mechanism  is  not  a  viable  system  for  decreasing  dispersion  of  the  nominal 
system.  However,  the  modified  and  modified  drag  system  yield  control  authority  that  contains 
48.5%  and  79.5%  of  all  impact  points  generated.  This  indicates  that  a  controlled  modified  fin- 
stabilized  system  is  capable  of  creating  impact  point  changes  that  are  the  same  order  of 
magnitude  as  50%  of  those  caused  by  errors  induced  at  launch  and  in  flight.  A  controlled 
modified  drag  fin-stabilized  system  is  capable  of  creating  impact  point  changes  that  are  the  same 
order  of  magnitude  as  roughly  80%  of  all  error  induced  dispersion. 


Figure  35.  Uncontrolled  dispersion  of  a  fin-stabilized  rigid  projectile 
and  fin-stabilized  system  control  authority. 


34 


Typical  dispersion  results  based  on  a  sample  of  200  trajectories  subjected  to  initial  and  in-flight 
errors  for  an  uncontrolled  nominal  spin-stabilized  rigid  projectile  fired  at  a  30°  quadrant 
elevation  are  shown  in  figure  36.  The  induced  errors  are  the  same  as  those  for  the  fin-stabilized 
systems  except  for  initial  pitch  and  yaw  rate,  which  have  specified  means  of  0  rad/s  and  standard 
deviations  of  2  rad/s.  The  labeled  solid  lines  shown  in  figure  36  are  the  control  authorities  for 
nominal,  modified,  and  modified  drag  spin-stabilized  systems.  A  CEP  of  165  m  is  obtained  for 
the  uncontrolled  nominal  system.  A  controlled  nominal  spin-stabilized  system  is  only  capable  of 
a  control  authority  that  contains  1 1.5%  of  all  impact  points  generated,  and  a  controlled  modified 
spin-stabilized  system  has  control  authority  that  contains  37.5%  of  all  impact  points  generated. 

A  modified  drag  spin-stabilized  system  equipped  with  an  internal  part  control  mechanism  creates 
impact  point  changes  that  are  the  same  order  of  magnitude  as  50.5%  of  those  caused  by  errors 
induced  at  launch  and  in  flight. 


Figure  36.  Uncontrolled  dispersion  of  a  spin-stabilized  rigid  projectile  and 
fin-stabilized  system  control  authority. 


8.  Conclusions 


A  seven  DOF  flight  dynamic  model  is  documented  and  subsequently  used  for  trajectory 
predictions  of  fin-stabilized  and  spin-stabilized  projectiles  equipped  with  internal  unbalanced 
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rotating  parts.  It  is  shown  that  holding  the  unbalanced  part  in  a  fixed  roll  orientation  with  respect 
to  the  no-roll  reference  frame  causes  predictable  trajectory  changes  with  respect  to  an 
uncontrolled  system  including  predictable  impact  point  changes.  The  main  mechanism  for 
steering  the  projectile  is  a  moment  produced  by  axial  drag  about  the  composite  body  center  of 
mass  that  is  created  by  positioning  the  part  in  a  fixed  roll  orientation.  Control  authority  for  both 
types  of  systems  is  shown  to  increase  proportionally  as  the  multiplicative  value  of  unbalance- 
offset  distance  times  part  mass  is  increased.  The  amount  of  control  authority  achieved  is  greatly 
increased  the  earlier  in  flight  that  control  is  initiated.  Fin-stabilized  system  control  authority  is 
increased  with  lower  average  flight  velocity,  while  spin-stabilized  system  control  authority  is 
increased  with  higher  average  flight  velocity.  The  effect  of  decreasing  or  increasing  the  velocity 
in  the  appropriate  system  is  to  destabilize  the  projectile  by  moving  the  center  of  pressure  closer 
to  the  center  of  gravity  such  that  it  is  more  responsive  to  perturbations  caused  by  axial  drag 
induced  moments.  It  should  be  noted  that  range  control  of  an  internal  part  control  mechanism  is 
limited  in  indirect  fire  weapons  by  the  angle  of  fire.  Changes  in  cross  range  are  proportional  to 
the  quadrant  elevation  of  the  muzzle;  however,  changes  in  range  are  sensitive  to  the  pitch  angle 
of  the  projectile.  Internal  part  control  mechanisms  do  not  effect  sizeable  reductions  in  dispersion 
when  employed  in  standard  weapon  systems.  In  order  to  achieve  significant  reductions  in 
dispersion,  internal  part  control  mechanisms  must  be  coupled  with  systems  that  are 
fundamentally  less  stable  than  current  standard  off-the-shelf  weapons. 
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Appendix.  Kinetic  Differential  Equations 


Angular  velocity  of  the  projectile  expressed  in  the  projectile  body  frame: 

®P/7  =  A^ppS  . 

0 

Aopp  =  o  i  o 

0 

"o  o  ol  h  o  o' 

0=000,1=0  1  0  . 

0  0  oj  L°  0  1 

Angular  velocity  of  the  part  expressed  in  the  projectile  body  frame: 

®D/1  =  ^ coDPS  • 

K DP  =01  u 

C0dC¥o 
C9dSVd 

~seD 

Angular  velocity  of  the  part  expressed  in  the  part  body  frame: 

®D/I  =  ^coDDS  • 


A  - 

^ coDD 

O 

Tt 

1  D 

1 

0 

0 

(A-l) 

(A-2) 

(A-3) 

(A-4) 

(A- 5) 

(A-6) 

(A-7) 

(A-8) 


where  TD  is  the  transformation  matrix  from  the  part  body  frame  to  the  projectile  body  frame: 


Cn  c,„ 

&D  V D 

S<fDS9DC¥D  C<PdSV'd 

C<t>D  S9d  CVd  +  SId  S¥d 

Cn  S,„ 

&D  V  D 

Si/idS9dS¥d  +C0dC¥d 

Ci/’dS9DS¥d  S<IdCVd 

~SG 

D 

s<t>DceD 

C  &D  C  9d 

(A-9) 
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Angular  acceleration  of  the  projectile  expressed  in  the  projectile  body  frame: 


ap/i  ~  AaPPs . 


(A- 10) 


4=oio  . 


(A-l  1) 


Angular  acceleration  of  the  part  expressed  in  the  projectile  body  frame: 


^aDP^  ^oDP- 


(A- 12) 


AaDP  =  OIU  . 


(A- 13) 


BaDP=S{o)PII}Uo).  (A- 14) 

}  designates  a  skew-symmetric  operator  fonned  using  the  components  of  the  vector  it  is 
describing  as  shown  in  equation  A-l 5: 


0  -s3  s2 


s{  }=  S 3  0  -St  . 

-S2  St  0 


(A- 15) 


For  instance,  ScoPP  is  the  skew-symmetric  operator  for  the  angular  velocity  of  the  projectile 
expressed  in  the  projectile  body  frame. 


Angular  acceleration  of  the  part  expressed  in  the  part  body  frame: 


aD/I  ~  ^ aDD $  Beep,  ■ 


A  -  T  A 

^  aDD  1  D  ^  aDP  • 


D  _  Tt  n 

n  aDD  1  D  °  aDP  * 


(A- 16) 
(A- 17) 
(A- 18) 


Translational  acceleration  of  the  system  reference  point  expressed  in  the  projectile  body  frame: 


aS/I  —  ^  ASP ^  +  Basp  . 


(A- 19) 


^asp  —  I  O  0  . 


(A-20) 
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B  ASP  ~  ^{(Vp/j  ^ 


(A-21) 


Translational  acceleration  of  the  projectile  center  of  mass  expressed  in  the  projectile  body  frame: 

®pu  —  Aapps  B app  •  (A-22) 

A APP  =  A  asp  ~  Sfrs^p  jA, 


x  aSP  ‘ 


B APP  ~  S{(&s/I . 

Translational  acceleration  of  the  part  expressed  in  the  projectile  body  frame: 


aDH  AadpS  +  BaDP- 


Aadp  ~  A app  S{rs^c}AEpP  S{rc^n }/l 


aDP  * 


^  ADP  B app  +  S{°)p/I  }^{^P/ 1  }] 


jvpc 

y  pc  i’ 


L z  pc 


S{rc^}B, 


aDP 


+  S{cl)d/i  }SxaD/I  }td 
Translational  acceleration  of  the  part  expressed  in  the  part  body  frame: 


VCD 


y  cd 

ZCD 


aD/I  ~  Aadds  +  B ADD  ■ 


A  -  T  A 

^  ADD  1  D  ^  ADP  • 


D  _  rpl  D 

n  ADD  —  1  D  n  ADP  • 


(A-23) 

(A-24) 


(A-25) 

(A-26) 


(A-27) 


(A-28) 

(A-29) 

(A-30) 


Angular  momentum  time  derivative  of  the  projectile  body  expressed  in  the  projectile  body 
frame: 


UnPH  _  A  A  ,  D 

^ HPP 13  ~  ^  HP P  • 

at 

(A-31) 

A  -  J  A 

^ HPP  1PrLaPP' 

(A-32) 

B hpp  =  B\P> ph  }l P A (oPPs  . 

(A-33) 
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Angular  momentum  time  derivative  of  the  part  body  expressed  in  the  projectile  body  frame: 

dH 


1  DU 


dt 


—  A  c  R 
^  HDP 13  ~  ^  HDP  * 


A  —T  J  T  A 

^ HDP  1  D1  D1  D  ^ctDP  ' 

B hdp  =  TdIdTd  A ^pS  +  TdI dTd  A(oDPs  +  TdIdTd  B^p  +  S{cdP/1  }TdIdTd  A(oDPs  . 

Angular  momentum  time  derivative  of  the  part  body  expressed  in  the  part  body  frame: 

dHr 


1  DU 


dt 


—  A  e* 

^ HDD  °  ~  ^  HDD  * 


A  —  I  A 

^ HDP  1  D^-aDP  • 


BhDP  I D  B„DP 


+  S\<x>DU  DAmDps . 

Constraint  force  expressed  in  the  projectile  body  frame: 


Pr  ~  Afrps  +  Bfrp  . 


_  mDmP 

A FRP 

mD  +  mP 


'  ( Aadp  Aapp  ) . 


mDmP 

U  T7DD 


mD  +  mp 


f 

X' 

X 

1 

B  ADP  —  B  app  ^  < 

Ya 

> 

mp 

P 

Z  , 

V 

l  A  J 

J 

Translational  dynamic  equation  of  motion  for  the  projectile  body: 


^4pps  B  PF  > 


Apr  —  mpAAPP  +  mDAADP. 


0  ' 

X' 

Bpt  =  Tp  < 

0 

>  +  < 

YA 

wP+wDj 

ZA  , 

r  mpB App  mDBADP . 


Angular  dynamic  equation  of  motion  for  the  projectile  body: 

Aprs  =  Bpr  . 

ApR  —  Ahpp  +  Ahdp  +  mD  S{rc^D  }A  ADP  +  S^p^  }Af 


(A-34) 

(A-35) 

(A-36) 

(A-37) 

(A-38) 

(A-39) 

(A-40) 

(A-41) 

(A-42) 


(A-43) 

(A-44) 

(A-45) 


(A-46) 

(A-47) 
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V 

II 

£ 

cq 

ma 

■  +  S{^d}ttp. 

r 

o  o 

’  ${rP->C  }^FRP  BhPP 

NAj 

Ki 

BHDp  mD^{rC^D , 

\Badp  • 

Angular  dynamic  equation  of  motion  for  the  part  body: 


B 


DR 


~  B DR  ' 

^dr  —  0  0}»  \Ahdd  +  tnDS rcdAadd\. 


V 

• 

o 

o 

T7  T 

TP< 

0  ' 

0 

>  +  < 

X' 

YA 

"  mpBAPP  mD^ADP 

Wp+WD^ 

N 

_ J 

(A-48) 


(A-49) 

(A-50) 

(A-51) 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


a 


DU 


a 


p/i 


a 


s/i 


CCp/i 

Fa 

fr 

Hp,i 

HDII 


I  c  ’  J c  ’ 


1 D  ’  J  D  ’  H  o 


InJi,Ki 

In  ’  I n  ’  Fn 

I  p  9  t/  p  5  p 


5  -^1 A  5 

Ma 

mf 

Mr 


Acceleration  of  unbalanced  part  mass  center  with  respect  to  an  inertial 
frame. 

Acceleration  of  projectile  mass  center  with  respect  to  an  inertial  frame. 

Acceleration  of  stationary  system  reference  point  with  respect  to  an 
inertial  frame. 

Angular  acceleration  of  unbalanced  part  with  respect  to  an  inertial  frame. 
Angular  acceleration  of  projectile  with  respect  to  an  inertial  frame. 
Aerodynamic  forces. 

Reaction  force. 

Angular  momentum  of  the  projectile  with  respect  to  an  inertial  frame. 

Angular  momentum  of  the  unbalanced  part  with  respect  to  an  inertial 
frame. 

Mass  moment  of  inertia  of  the  projectile  about  its  mass  center. 

Mass  moment  of  inertia  of  the  unbalanced  part  about  its  mass  center. 
Control  reference  frame  unit  vectors. 

Unbalanced  part  frame  unit  vectors. 

Inertial  frame  unit  vectors. 

No-roll  frame  unit  vectors. 

Projectile  frame  unit  vectors. 

Total  aerodynamic  moment  components  expressed  in  the  body  frame. 
Total  aerodynamic  moment. 

Bearing  friction  moment. 

Bearing  reaction  moment. 
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Ill 


D 


mP 


P,q,r 


0c 

<t>J 


4>,o,y/ 


D’V  D 


rC->D 


rP->A 


'  P->C 


V 

'  P^D 


Unbalanced  part  body  mass. 

Projectile  mass. 

Roll,  pitch,  and  yaw  components  of  the  angular  velocity  vector  of  the 
projectile  expressed  in  the  body  frame. 

Commanded  control  angle. 

Control  angle  error. 

Part  orientation  angle. 

Euler  roll,  pitch,  and  yaw  angles  of  projectile. 

Euler  orientation  angles  of  the  unbalanced  part  with  respect  to  the 
projectile. 

Distance  from  internal  part  axle  connection  point  to  unbalanced  part  center 
of  mass. 

Distance  from  projectile  center  of  mass  to  center  of  pressure. 

Distance  from  projectile  center  of  mass  to  unbalanced  part  axle  connection 
point. 

Distance  from  projectile  center  of  mass  to  unbalanced  part  center  of  mass. 
Distance  from  projectile  center  of  mass  to  center  of  Magnus  force. 


rs^>p 


'  s->c 


T 

T 

1  p 

T 

1  D 

u,v,w 


Distance  from  stationary  system  reference  point  to  projectile  center  of 
mass. 

Distance  from  stationary  system  reference  point  to  unbalanced  part  axle 
connection  point. 

Control  torque  vector. 

Transformation  matrix  from  the  projectile  body  frame  to  the  inertial 
frame. 

Transformation  matrix  from  the  part  body  frame  to  the  projectile  body 
frame. 

Translational  velocity  components  of  projectile  center  of  mass  resolved  in 
the  body  frame. 
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VSu 

Velocity  of  stationary  system  reference  point  with  respect  to  the  inertial 

frame. 

wD 

= 

Weight  of  part  body. 

WP 

= 

Weight  of  projectile  body. 

WD 

= 

Magnitude  of  unbalanced  part  weight. 

WP 

= 

Magnitude  of  projectile  body  weight  vector. 

CO 

= 

Unbalanced  part  angular  velocity  component  resolved  in  the  unbalanced 
part  frame. 

&DU 

= 

Angular  velocity  of  unbalanced  part  with  respect  to  the  inertial  frame. 

o)D/p 

= 

Angular  velocity  of  unbalanced  part  with  respect  to  the  projectile  body 

frame. 

co  ph 

= 

Angular  velocity  of  projectile  body  with  respect  to  the  inertial  frame. 

XaJa'Za 

x,y,z 


XCD  ’  y  CD  ’  Z  CD 


XPC  ’  y  PC  ’  ZPC 


Total  aerodynamic  force  components  expressed  in  the  body  frame. 

Position  components  of  the  projectile  center  of  mass  expressed  in  the 
inertial  frame. 

Unbalanced  part  frame  components  of  distance  from  part  axle  connection 
point  to  part  center  of  mass. 

Projectile  body  frame  components  of  distance  from  projectile  center  of 
mass  to  part  axle  connection  point. 
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1  BRUCE  KIM 

MICHIGAN  STATE  UNIVERSITY 
2120  ENGINEERING  BLDG 
EAST  LANSING  MI  48824-1226 

2  INDUSTRIAL  OPERATION  CMD 
AMFIO  PM  RO 

W  MCKELVIN 

MAJ  BATEMAN 

ROCK  ISLAND  IL  61299-6000 
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NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


3  PROGRAM  EXECUTIVE  OFFICER 
TACTICAL  AIRCRAFT  PROGRAMS 
PMA  242  1 
MAJ  KIRBY  R242 
PMA  242  33 
R  REISER  (2  CPS) 

1421  JEFFERSON  DAVIS  HWY 
ARLINGTON  VA  22243-1276 

1  CDR  NAVAL  AIR  SYSTEMS  CMD 
CODE  AIR  471 
ANAKAS 

1421  JEFFERSON  DAVIS  HWY 
ARLINGTON  VA  22243-1276 

3  ARROW  TECH  AS  SOCIATES  INC 
R  WHYTE 
A  HATHAWAY 
H  STEINHOFF 

1233  SHELBOURNE  RD  SUITE  D8 
SOUTH  BURLINGTON  VT  05403 

3  US  ARMY  AVIATION  CTR 

DIR  OF  COMBAT  DEVELOPMENT 

ATZQ  CDM  C 

B  NELSON 

ATZQ  CDC C 

T  HUNDLEY 

ATZQ  CD 

G  HARRISON 

FORT  RUCKER  AL  36362 

ABERDEEN  PROVING  GROUND 

3  CDR 

USA  ARDEC 
AMSTA  AR  FSF  T 
R  LIESKE 
J  WHITESIDE 
J  MATTS 
BLDG  120 

1  CDR 

USA  TECOM 
AMSTE  CT 
T  J  SCHNELL 
RYAN  BLDG 


44  DIR  USARL 

AMSRD  ARL  WM 
T  ROSENBERGER 

AMSRD  ARL  WM  BA 
W  HORST  JR 
W  CIEPELLA 
F  BRANDON 
T  BROWN  (5  CPS) 

L  BURKE 
J  CONDON 
B  DAVIS 

T  HARKINS  (5  CPS) 
D  HEPNER 
V  LEITZKE 
M  HOLLIS 
A  THOMPSON 
G  BROWN 

AMSRD  ARL  WM  BB 
B  HAUG 

AMSRD  ARL  WM  BC 
P  PLOSTINS  (4  CPS) 
G  COOPER 
B  GUIDOS 
JSAHU 
M BUNDY 
D  LYON 

AMSRD  ARL  WM  BC 
J  BENDER 
J  GARNER 
S  WILKERSON 
W  DRYSDALE 
R  COATES 
A  MIKHAL 
J  WALL 

AMSRD  ARL  WM  BD 
B  FORCH 

AMSRD  ARL  WM  BE 
M  SCHMIDT 

AMSRD  ARL  WM  BF 

AMSRD  ARL  WM  BR 
C  SHOEMAKER 
J  BORNSTEIN 


3  CDR 

USA  AMSAA 
AMXSY  EV 
G  CASTLEBURY 
R  MIRABELLE 
AMXSY  EF 
S  MCKEY 
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